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Thin-layer Porous Optical Interferometric Sensors for Gases and Other Fluids 
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Abstract 



Non-Enabling Abstract 

A new type of gas sensor has been designed, constructed and characterized. This 
sensor uses optical interferents in a porous thin film cell to measure the refractive index 
of the pore medium. As the medium within the pores changes, spectral variations can be 
detected. For example, as the pores are filled with a solution, the characteristic peaks 
exhibit a spectral shift in one direction. Conversely, when tiny amounts of gas are 
produced, the peaks shift in the opposite direction. This can be used to measure gas 
evolution, humidity and has potential applications for other interferometric-based sensing 
devices. 



1 



Full Paper 

A New Optically Reflective Thin Layer Electrode (ORTLE) 
Window: Gold on a Thin Porous Alumina Film Used to Observe the 
Onset of Water Reduction 




Paul G. Miney, Maria V. Schiza, Michael L. Myrick* 

Department of Chemistry and Biochemistry University of South Carolina, Columbia, SC 29208; 
♦e-mail myrick@mail.chem.sc.edu 

Received: July 1, 2003 
Final version: September 8, 2003 

Abstract 

The fabrication and unique characteristics of a new type of thin layer electrgSe? 
electrode (ORTLE), are described. The electrode was fabricated by the anoaization . — V J 
sputtered onto a plain glass microscope slide to create a 750 nm-thick poroiSgalumina film. »A nun film of gold was 
then sputtered atop the porous and transparent alumina film. The gold layer^mained poroSsHo allow solution into 
the pores but was optically thick and reflective. Reflectance measuremef^^ad^^oughj^^iicroscope slide did not 
interrogate the bulk solution, but show spectral features that shift with the^^car%gD«ties of the material filling the 
pores of the alumina film. A simple series of experiments, in^which thespotential of the ORTLE was stepped 
negatively to various values in an aqueous sodium sulfate solutiorr^^w^^a^mterference fringes shift measurably in 
the ORTLE spectrum at potentials several hundred millivolts posiU"vf*o ! f3K^TOtential at which gas evolution was 
visible to the naked eye. A 

Keywords: OTTLE, Porous alumina, Spectroelectrochenustn^Specular reflectance spectroscorjy^n?' 



— optically^jeflective thin layer 
of a thirii'layer of aluminum 




L Introduction 

Spectroelectrochemistry is a combination of electroc}5|jL. . 
ical and spectroscopic techniques in which^op,tical measu^^p 
ments are referred to the potential of a worlmg^ectrdfdg. 
Thin-layer spectroelectrochemistry iar^sibly^^^implest 
type of spectroelectrochemistry and has4«h^ntages|luch as 
rapid and exhaustive electrolysis^^.sma^^Wme features 
[1]. Since the first report in 1^7 [^^pticallyi^fansparent 
thin layer electrodes (OT^fe^|ha^^een used for such 
thin layer studies [3 - 5] . A typiealfeppUcation of an OTTLE, 
is the spectroscopic stur^^feed^^^^^^s [6 - 8] . Various ( 
spectroscopic tedmkjues sucrK^^mnescence spec|rosc6^, 
py [6], FTIR ^ff^en^sp^ctroscopy^] and UV/w&NIR 

1 techniques 
designs for many 

purposes have beelr'^^lfjped|[13 - 15]. 

As a consequence of out wock with nanoelectrode arrays 
[16, 17] we nave carried (gutstudies into the anodization of 
aluminum thin^ilms onjov^rious substrates. We recently 
reported a study of the anodization of aluminum thin films 
sputtered onto an electrically insulating substrate - a plain 
float glass microscope slide [18]. The resulting porous 
aluminum oxide (alumina) films are transparent and contain 
pores varying from approximately 80 to 100 run in diameter. 
In this article, we describe the design and characterization of 
a new type of thin layer electrode which is a variation on the 
concept of an OTTLE. The essential difference between an 
OTTLE and our new electrode is that reflectance is 




collected instead) oPtransmittance. For this reason, the 
electrode is called an optically reflective thin layer electrode 
(ORTLE) in the'rollowing discussion. This new electrode is 
based onjthejorous alumina thin films in [18]. In the case of 
the ORT£E|.spectroscopy interrogates a solution phase 
jgithiMiekpores of the alumina film between the electrode 
and^a window behind it. The electrode is created by 
deposition of gold onto the exposed face of the 
porous alumina, creating a gold electrode filled with holes 
Having a diameter much less than the wavelength of visible 
"fght. The thickness of the alumina film - and thus the depth 
of the pores - can be altered by controlling the thickness of 
the original aluminum film. Through the use of a combina- 
tion of specular reflectance spectroscopy and chronoam- 
perometry, we can confine our spectroelectrochemical study 
to that solution contained within the pores. The ORTLE 
described here interrogates the thinnest sample of which the 
authors are aware and is the first based on porous alumina. 
In this report, we describe the preparation of the ORTLE in 
detail, plus how the ORTLE is incorporated into spectro- 
scopic measurements. We also characterize the stability of 
the ORTLE spectrum and its origin, and show how an 
applied potential affects the observed spectrum in a simple 
solution. 
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2. Experimental 



2.2. Spectroelectrochemical Cell Design and Set-Up 



2.1. ORTLE Design and Concept 

The design of the ORTLE is shown in Figure 1 A. A 500 ran 
aluminum film was sputtered onto a plain float glass slide 
(75 x 25 x 0.5 mm), anodized and subsequently converted 
to porous alumina as described previously [18, 19]. The 
resulting 750 nm thick transparent alumina film was sub- 
sequently coated for 210 s with gold using a CRC-100 
sputtering system (Plasma Sciences Inc., Lorton, VA), 
producing a gold film approximately 100 nm thick. Al- 
though this appears to be an optically thick gold film, 
scanning electron microscopy (SEM) studies in our labo- 
ratory have shown this is insufficient to seal the somewhat 
larger pores of a commercial porous alumina membrane [16, 
17], The SEM image in Figure IB shows that the pores of the 
alumina films created by the process in [18] also remain 
open when coated with gold in this way. 

The gold film possesses a mirror finish on its "face", the 
exposed side opposite the porous alumina. Despite this and 
the apparent continuity of the film, it is highly porous and 
allows the filling of the channels in the underlying alumina 
when exposed to solution. The reverse side of the gold film, 
however, does not show this highly reflective finish, 
although it presents a mostly specular surface. Light can 
pass through the optically transparent glass slide useda&gi. 
support and through the fluid-filled alumina, but is reflected 
by the porous metal overlay er. When a potential jsjjpplied 
to the gold film, any solution changes that occuMM|hinJhe 
pores can be monitored by specular reflectancesjsEeetro 
scopy. Note that the ORTLE design requires no special 
auxiliary or reference electrodes and no^p&cial electrode^ 
configurations. In our spectroelectrochemiea^cell design, 
we use it as a window into a bulk solution, sm«|on!yjpe 
solution in the alumina pores is interrogated 



The ORTLE was mounted in a home built spectroelectro- 
chemical cell (see Figure 2). The cell was constructed from 
Teflon and contained a rectangular window (75 x 25 x 
0.5 mm) to which the thin layer electrode could be attached. 
The ORTLE was positioned with the gold sputtered side 
facing inwards and was held in place by 8 screws, which could 
be tightened to avoid any leaking of the solution. The 
ORTLE subsequently acted as the working electrode in the 
spectroelectrochemical cell. The cell was then mounted on 
an aluminum base, whichjrfcould be placed inside the 
spectrometer. The heigh^Bjj&this aluminum base was 
designed to place the ORTLEjjMtiie path of the incident 
light beam. When the^RTL^Smsf^ached, the spectroe- 
lectrochemical ceU|£oulqfehen be filled with the desired 
solution, into wluWtne auxfljasy^electrode (PT gauze) and 
reference electee (Ag/AgCl^pNaCl, BAS, West LaFay- 
ette, IN) COTld||l inserted, ijx 

The hoi^^u^Bspectrc^^trochemical cell was placed 
inside a goniospectror^figctance attachment (750-75 MA, 
Optronic Laboratories Inc., Orlando, FL) as shown in the 
schemati^fffijgi^e 3. It was then illuminated by a tungsten 
.quartz-halo^marr|g (150 W) and monochromator (750 M-S, 
Pptromc Laboratories Inc*)* combination that selected 





Fig. 2. Schematic of the spectroelectrochemical cell in which the 
ORTLE is mounted. 




Fig. 1. A) Schematic of the side profile of the ORTLE and (B) 
SEM image of the porous alumina covered with the layer of gold 
showing that the pores are not sealed. 
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wavelengths in the range of 280-1100 nm. A silicon 
detector (DH-300EC, OL750-HSD-301EC, Optronic Lab- 
oratories Inc.) was used to record the reflected intensity. The 
spectra were obtained by the Optronic Laboratories soft- 
ware and further analyzed using IGOR Pro (Version 4.01, 
Wavemetrics, Inc.). 

All electrochemical experiments were carried out using 
an EG&G PARC Model 263 potentiostat, connected with a 
general purpose interface bus (GPIB) (National Instru- 
ments, Atlanta, GA) to a Gateway 2000 Model P5-60 
computer with EG&G Model 270 Research Electrochem- 
istry Powersuite Software. Gold wire electrodes were 
purchased from CH Instruments, Austin, TX. Potassium 
ferricyanide (Mallinckrodt, Hazelwood, MO) and sodium 
sulfate (Fisher Scientific, Suwanee, GA) were all reagent 
grade and were used without further purification. All 
solutions were prepared with deionized water. SEM images 
were collected using a Quanta 200 scanning electron 
microscope (FEI Company, Hillsboro, OR). 



3. Results and Discussion 



3.1. Characterization of the ORTLE 

Figure 4 shows how the ORTLE functions as a typical 
working electrode. In this figure, a comparison is rna'dg^ 
between a cyclic voltammogram (CV) obtained at a convent 
tional gold wire electrode (A) and one obtained using* the 
ORTLE as a working electrode (B). Both experiments wete 
carried out in 0.01 M ferricyanide/0:05 M socfnTrrMuLEate 
solutions at 20mVs _1 . As can be seen in Figure^l|fthe 
ORTLE behaves similarly to the wire ele^o^e. The pur§j|| 
electrochemical characteristics of the OR®RelectrMe* 
reflect those of bulk solution cqr^itions^ec_ause^Sie 



A decrease in the separation of the peaks was observed for 
the ORTLE, which would be expected for a contribution 
from restricted diffusion occurring within the pores. To test 
this, an experiment was conducted to measure the effect of 
sweep rate (v) on the peak current. For a thin layer cell, the 
peak current should be directly proportional to v [13, 20]. 
This study revealed a poor relationship between peak 
current and v and an excellent relationship between peak 
current and v m (R 2 = 0.999). This result indicates that, for 
this CV, the contribution of thin layer electrochemistry is 
negligible compared to that of the bulk solution. 

Figure 5 shows transmittan'ce spectra of a plain float glass 
microscope slide (A), of a'Srfnilar glass slide with a layer of 
porous alumina (B), and of an^^-E (C), all taken at a 45° 
angle to the inciden®ganv^^^^ence effects in the 
spectrum (B) are the resuMOTthe refractive index contrast 
between glass ario^ne overijdngfilms, while the reduced 
overall transnu^Eance is due tSwfie'absorbance of residual 
aluminum in f|e film andjscattering in the film. The 
transmittar||e o^^eORT^pis negligible on the scale of 
Figure 5 duetto trS|||e|eipfof the reflective gold film and 
thuyLUtle interrogation of the bulk solution can occur 
thr^^r^^ffil^^pectroscopic changes based on specular 
reflectance^^^l^ackside of the gold film must therefore 
e ascribed to either changes^? th£medium within the pores 



electrode is immersed in bulk solutioffi^SKhat is important 
to take from this experiment is tri^bilit^f*tbj^RTLE to ^ _ v „, 

exhibit the standard character^ics^at woula^7expected j^Tbo^m^-the wavelengths and the appearance of the peaks 



brchanges in the electrode itself^ ^ 
jgFigure 6 shows a typicaL^pecular reflectance spectrum 
JSlid black line) obtainedfor, the ORTLE without any 
soTulionrin the cell. The^pleulaT reflectance measurements 
were performed by noiitiouing the cell at 45° to the incident 
beam, and the detectorat^ 0 to the specular reflected beam 
|pe Figure 3j)^ngle^b>am reflectance measurements were 
^referenced td^thlT total intensity of the source by directing 
100% of the incw'ent beam to the detector before each 
experimenfivSeveral small interference peaks can be ob- 
served^JNhorter wavelengths with a relatively large peak 
jusuaUyotjsery.ed within the range of approximately 700- 



in a ferricyanide solutiorj^^^trmthe design of the ^varieBfrom ORTLE to ORTLE due to slight differences in 



electrode is such that a veryfriuil^^^wr is sputtered on a^*==%theSthickness of the original aluminum films). Upon the 



porous alumina film and 



[introduction of a sodium sulfate solution, the peaks shifted 




~i r 

-0.2 0.0 0.2 
Voltage/V vs. Ag/AgCI 



Fig. 4. CVs, carried out at 20 mV s _1 in a 0.01 M potassium 
ferricyanide/0.05 M sodium sulfate solution, obtained for a stand- 
ard gold electrode (A) and the ORTLE (B). 



T ' r 

600 800 
Wavelength/nm 



Fig. 5. Transmission spectra for a glass slide (A), a glass slide 
coated with an alumina layer (B) and the ORTLE (C). 
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-i ■ r 

600 800 
Wavetength/nm 



Fig. 6. Specular reflectance spectra showing the red shift ob- 
served after the introduction of a 0.05 M sodium sulfate solution, 
and monitoring the changes in the spectra over time. 



opaque metal in the visible region. According to optical 
modeling of this electrode, too much aluminum at the 
interface (e.g., 50 nm) would cause the spectrum of the 
ORTLE to be that of an aluminum mirror. Too little 
aluminum at the interface would produce a spectrum like 
that of a gold mirror with small (e.g., 5%) interference 
oscillations in the blue and UV, dropping to about 1% 
oscillation in the red and NIR. 

With this first condition met, constructive interference in 
reflection occurs when the difference in the optical path- 
lengths a and b are an integral number of wavelengths of 
incident light. Assuming an isotropic material with no 
absorbance, the optical patnl^gth is the physical pathlength 



multiplied by the (real) refractivehindex of the medium. 
Making use of Sneirsdaw: 



towards longer wavelengths, accompanied by an increase in 
intensity - for this sample the large peak shifted from 850 to 
900 nm, as indicated by the spectrum collected after 0 min 
(i.e., it was collected immediately after the introduction of 
the sodium sulfate solution). The spectra collected after 
60 min and 120 min show, that for this ORTLE, no further 
red shifts or increases in intensity were observed. While this 
particular ORTLE responded promptly, some ORTLEs 
showed a gradual red shift over time after solution was 
introduced. In all cases, less than 1 hour was necessary for 
this change to be completed. At least part of this changejs. 
likely the result of pores being filled with solutiOTratil 
changing the effective refractive index of the porous^m, as 
the shift is consistent with changes in interferons fru^ 
positions expected in that case within a factor of ^Ijfepr 

Referring to Figure 7, one condition for the appearaq|||of 
strong interference-based oscillations ^i^Mhe reflecuo^^ 
spectrum of the ORTLE is that the refleetraty of Jhe* 
glass/alumina and alumina/gold inte t Efaces are^^orngara- 
ble magnitudes. This is achieved^ly^b^ause thelttec'tro- 
chemical synthesis of the porous alumina filnflteaves a small 
amount of aluminum metal ^^hindlat the glass/alumina 
interface, approximately l«2^^thick^ss on average as 
indicated by ellipsometry [l>8]j^^urnmurn is the mosi 



sin (0 o ) = «i sinifr)-«2 s!nffiefe| 




(1) 



where 6 0 is the ingle of the incj|ent light from air to the glass, 
0! is the arifte tr^^^lbearn^ters the porous alumina layer 
from the gfa^suSl^^^^s the angle of the beam that 
interacts withXme gold layer and n, and n^, are the refractive 
indi^e^^feig^als and porous alumina layers, respectively. 
It is possible^^show that the optical path difference 

l OP # s: ' C% 




= Zd^4 - sin 2 (0 o )-=aJJ 




(2) 



where 1 ??! is a non-negative integer, d is the film thickness and 
k-^ is the maximum wavelength. The apparent refractive 
jraaex of th^Vm,^ is approximately related to the 
volumetric composition of the films, assuming the film 
structure to be Heterogeneous on a scale less than the 
wavelengthVif light and with no regular repeating patterns. 
Fortrje^arytfilm, 



(3) 



(Here n All0i is the refractive index of alumina, / p is the pore 
taction of the porous alumina and the refractive index of air 
is taken to be 1. As the pores of the alumina film fill with 
solution Equation 3 becomes: 




A1 2 0 3 



"2 ~ "^0,(1 -f P ) +1.33/ p 



(4) 



where the refractive index of the filling solution is assumed 
to be that of water. For any value of m, 



^maxdry 



Hg. 7. Schematic of the optical pathlengths (a and b) of incident 
light from air through the glass substrate (refractive index = n,) 
and alumina layer (refractive index = n 2 and thickness = d) with 
two reflective interfaces resulting from unanodized aluminum and 
the gold coating. 



^/wj^-sin'CO,) 
^ e ,-sin 2 (0 o ) 



(5) 



Since the refractive index of the solution filled film is always 
greater than that of the dry film, the filling of the pores will 
always result in a red shift. 
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< 20 
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1.0 
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T 1 1 I 

-1.5 -1.0 -0.5 0.0 

Voltage/Vvs.Ag/AgCl 

Fig. 8. CV obtained for an ORTLE, carried out at 5 mV s" 1 in a 
0.05 M sodium sulfate solution, showing the background limit of 
the solution. 



3.2. Reduction of Water 

In the remainder of this manuscript, we report observations 
made by specular reflectance spectroscopy on the ORTLE 
as a function of potential in a simple solution of 0.05 M Na 2 
SO,. For these experiments, the auxiliary and reference 
electrodes were inserted into the spectroelectrochemical 
cell and the three electrodes were connected to a potentio- 
stat. Figure 8 shows a CV for the Na 2 S0 4 solution where the , 
potential was swept from +0.4 V to - 1.5 V vs. (Ag/AgCt). 
The positive potential limit observed for the ORTLE jvjas,, 
apparently due to gold oxide formation. More positive 
potentials resulted in delamination of the fragile gold-film 
from the porous alumina substrate, a common injjlcator^of 
stress at the film/substrate interface. The negauvl|Mteritial 
limit of the ORTLE was not due to delammationi|ut 
apparently to dissolution of the porous alumna by hydroxS 
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gig: 9. A) Effect of potentia^oriV the specular reflectance 
sppctjum concentrating on the peak at approximately 755 nm 
and^Bjfaecrease in magnitud^of'the reflectance at 780 nm with 
increasing negative potential^The dashed line indicates the dry 
state of the ORTLE<m 78&3im. 



ide ions generated during hydrogen evolutiof^Ite^catho^c' 
current associated with hydrogen e^^Won canib^ei^n^to 
begin at approximately - 1.1 V (vs Ag/AjGO in Figure 8. 

The ORTLE for which results^e describ^^Figure 9 
show a "dry" reflectance sp^trurrMn wbich^ne of the 
observed peaks was centere|feytgg5^ rutolhe addition of the 
sodium sulfate solution it^^^^troelectrochemical cell 
caused this peak to shif^^^-M^Mlectance spectrawere 
acquired during the 400 s that^f^^|ential was held at a< 
certain value fof'stegsftq^potentials between +0.lWand, 
-1.2V (vs^^g/AgCr}} Figure 9A shows detail in*the 
reflectance^pjec^™_o^his ^RTLE at a subset of these 
potentials,|)etwefn^^v'andJ- 1.1 V (vs. Ag/AgCl), with 
the "dry" spectjum^l^erence. 

No significant change&^ere observed in the ORTLE 
reflectance spectra^atj^entials positive of — 0.5 V (vs. Ag/ 
AgCl). When the potential was stepped to - 0.5 V (vs. Ag/ 
AgCl), however, a blue shift of the peaks was observed. As 
Figure 9 A shows, the interference peak at 755 nm continued 
to shift toward the blue very gradually with increasing 
negative potential until — 1.0 V. A decrease in intensity was 
not observed over this potential range; in fact, a slight 
increase in intensity was observed. When the potential was 
stepped to - 1.1 V, however, a more pronounced blue shift 
of the large peak at 755 nm was observed that was 
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accompanied by a substantial decrease in intensity. This is 
interpjgEed^as the result of gas infiltrating the pores of the 
alumina. Spejtra obtained at more negative potentials 
j^showlaBweaker and broader interference peaks that did 
^hot recover when the electrode was returned to more 
— ;positive potentials. This is interpreted as a result of the 
concomitant generation of hydroxide during hydrogen 
evolution; hydroxide is known to dissolve the porous 
alumina film and could cause collapse of the ORTLE 
structure. Further experiments are under way at present to 
test this hypothesis by controlling the pH with a buffer 
solution. 

In electrochemical experiments carried out with ORTLEs 
outside of the spectrometer, it was not possible to see 
hydrogen evolution with the naked eye until the potential 
approached - 1.5 V. The increase in current observed in 
Figure 8 near - 1.1 Vis, however, attributable to the onset of 
water reduction. The low level of hydrogen production 
occurring at -1.1 V was insufficient to form bubbles large 
enough to be observed by the naked eye, but sufficient to 
strongly perturb the ORTLE specular reflectance. Assum- 
ing pores to be filled initially with water and that this water is 
displaced by gaseous hydrogen generated at the electrode, 
the apparent refractive index of the film can be written as: 

© 2004 WILEY- VCH Verlag GmbH & Co. KGaA, Weinheim 



6 



P. G. Miney el al. 



"a « n Ah<h (1 -/,) + 1.33/, - RTn H J(3dA) 



(6) 



where n Hl is the number of moles of H 2 produced, A is the 
area of the electrode, R is the ideal gas constant, and 7" is the 
absolute temperature. 

Inserting this definition into equation 2, solving for 
wavelength and taking the derivative with respect to the 
number of moles of H 2 produced under initial conditions of 
pores filled with only water or a water-like electrolyte, we 
obtain: 



2dyJ (n Ml0 , -f p (n M2 o, - 1.33) ) 2 - sin* (fl a ) 



(7) glass/porous alumina interlace, a rea\smn oi me peans m 
2RT{ n Ml<h -f p (n Al2 o 3 - 1.33)) the specular refl^^nce'^l^trum and an increase in 



dA max "** y-Al;U3 : p y -am': * ':'_"„'_: 

dn "> " 3mAj(n Mi0l -/ p (n At0j - 1-33)) 2 - sin* (6 0 ) 

Inserting a void fraction of 0.32 (estimated from ellipsom- 
etry [18]), a film thickness d of 680 nm (estimated from 
modeling of the film in Figure 6), and an incident angle of 45 
degrees, the maxima should occur at: 



Ana, 53 1851 nm/m 



From Equation 5, it is evident that m = 2 for theJorigS 
wavelength peak in Figure 6, and is 3, 4 and 5 for thej|piks at 
progressively shorter wavelengths. Returning to^uation^ 
the sensitivity of the peak position of the m ^^peag'to 
hydrogen is: 



negative potential. Eventually, at - 1.1 V Figure 9B shows 
that the intensity is similar to that of the electrode in the dry 
state. 



4. Conclusions 

A new type of thin layer electrode, based on a gold-coated 
porous alumina film, has been designed and fabricated. The 
cell was characterized by cyclic voltammetry and spectro- 
scopic techniques and by spectroelectrochemistry, where a 
combination of specular reflectance spectroscopy and 
chronoamperometry was *u^^Typical spectra exhibited 
several strong interference peaks$Mhich resulted from the 
— , . 4 " ? k-^i aluminum at the 
ift of the peaks in 



presence of a small amount o, 
glass/porous alumina lnterfai 




9 x 10 10 nm mol" 1 cm 2 



dn. 



H 2 




Equation 6 indicates that 0.1 rianomjoie of Hfpjrocluced per 
centimeter squared area of^&ecUjode i&rface could result in 



intensity was ojserved upon fh^pntroduction of a sodium 
sulfate solutions the spectrq|lectrochemical cell where the 
ORTLE wls^rn^unt^^^efbelieve that this was due to 
refractive index cnan||||arSing from the filling of the pores 
by thevsolution^ blue shift of the peaks could be induced by 
step^iD^ffejp^ftntial to values increasingly negative of 
0.5 V (vs*?¥gffi3!ggl) and towards the background limit of 
[the solution. Upon steppingjfo t^^'. a pronounced blue 
hift^as observed, accompamWD^pdecrease in intensity. 
j|e believe that this is due^tcTuiejproduction of hydrogen 
a£jtfrLn the pores of the ORTTB 

I^mally, this new elecirocfesdiffers from typical thin-layer 
electrodes in several^ ways^First, no transparent electrodes 
aie required, and 4he solution does not have to be trans- 
jparent or ewnlremSgeneous, because the nanostructured 
electrode face^filters out particles large enough to cause 
significant scattering. The electrode can thus be used in bulk 
solutions as^a window that does not allow light into the bulk 
- similaffetotal internal reflection techniques, but with no 
critic^mgle constraints. Further, the electrode can poten- 
g. titlly Be^esigned to combine refractive-index measure- 
Tnenwwith surface plasmon resonance and UV-visible 



a 9 nanometer hypsochrorruCThrf ^^ ^^rn = 2 peak. If we^absorbance measurements with very minor changes, 
assume that a 1 nm s hifi| ^ukl^e detected^ and we imagine™ ' ^' 
our sensor on the end of a fiber-opjic^Uh an area of lg -4 cm 2 >, 
, approximately^'fM^H^olution could be detected^he> 
gas were captured in the pores of the alumina. 

Subtle shift/^^ew^eleirgth of the interference peak 
maximum? in Figurli9^Fwere] observed at potentials as 
- : * : — -isv^^kyjvs "m 4 ~ ru - ,u: - - u:t ' - 



positive as\^j^^l?g^Ag£l). The origin of this shift is 
unknown at^pTesent™ bjrf must involve changes in the 
composition o^be at jjoro,us*film or of the solution in the 
pore volume. The blue shift indicates an overall decrease in 
the optical thickness of the film under these conditions, an 
effect that is consistent with displacement of pore solution 
by nanoscale bubbles. In Figure 9B, the variation in the 
magnitude of the reflectance at 780 nm is plotted against 
potential. As can be seen in this figure the intensity follows 
a similar trend with varying potential, in that a large 
increase of intensity is observed upon the addition of 
solution and a gradual decrease observed with increasing 
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